
BELLCOMM. INC. 
955 L'ENFANT PLAZA NORTH, S.W. B69 12063 WASHINGTON, D. C. 20024 

SUBJECT: E f f e c t  of Lower CSM Parking O r b i t  DATE: December 18,  1 9 6 9  
on Rescue A f t e r  Abort Dur ing  LM 
Descent  - Case 310 FROM: D. G .  Es tberg  

ABSTRACT 

Simulat ions of  CSM rescue  of t h e  LM a f t e r  a b o r t  
dur ing  descen t  i n d i c a t e  t h a t  rescue i s  f e a s i b l e  f o r  a l t i t u d e s  
of CSM l u n a r  parking o r b i t  (ALO) lower than  t h e  c u r r e n t  va lue  
of 60 NM wi th  rendezvous sequences having an e l apsed  t i m e  
from a b o r t  t o  completion o f  crew t r a n s f e r  of  about  6 hours .  
The CSM AV r equ i r ed  f o r  t h e  rescue depends on when dur ing  t h e  
descen t  t h e  a b o r t  is  made. The most AV i s  r equ i r ed  f o r  aborts 
made dur ing  t h e  Hohmann t r a n s f e r  from descen t  o r b i t  i n i t i a t i o n  
( D O I )  t o  powered descen t  i n i t i a t i o n  (PDI);  t h e  AV requirement  
f o r  rescue  decreases nea r ly  l i n e a r l y  from 225 f t /sec a t  ALO = 
6 0  NM t o  147 f t / s e c  a t  ALO = 26.8 NM. Also a b o r t s  dur ing  t h e  
Hohmann t r a n s f e r  impose t h e  lower l i m i t  of 26.8 NM on ALO f o r  
which rescue  i s  f e a s i b l e  ( i f  an 8-hour rescue sequence i s  used 
i n s t e a d  of  a 6-hour sequence, t h e  rescue  i s  f e a s i b l e  f o r  ALO 
down t o  16.8 N M ) .  For abor t s  dur ing  powered descen t  from PDI 
t o  touchdown wi th  d i f f e r e n t  LM t a rge t  o r b i t  apolunes fo r  e a r l y  
and l a t e  t i m e s  of a b o r t ,  t h e  maximum AV r equ i r ed  varies between 
161 f t / s e c  and 136 f t / s e c  for  ALO between 60 NM and 26.8 NM. 
Addi t iona l  r e s u l t s  a re  given i n  t h e  memorandum f o r  ALO below 
26.8 NM and f o r  o t h e r  choices of  LM ta rge t  o r b i t  apolune. 

I n  t h e  s imula t ions  d i f f e r e n t  rescue  sequences w e r e  
used f o r  a b o r t s  during t h e  two d i f f e r e n t  pe r iods  of  LM descent :  
a 6-burn sequence f o r  a b o r t s  from DO1 t o  P D I  and a 5-burn 
sequence f o r  a b o r t s  from P D I  t o  touchdown. For aborts  dur ing  
t h e  f i r s t  pe r iod  i t  was assumed t h a t  t h e  LM i s  non-propulsive 
a f t e r  t h e  a b o r t  d e c i s i o n ,  w h i l e  f o r  a b o r t s  dur ing  powered 
descen t  t h e  rescue i s  s t a r t e d  when t h e  LM has  made an a s c e n t  
t o  a predetermined o r b i t  a f t e r  t h e  abort. Both sequences use 
a phasing o r b i t  t o  ob ta in  the c o r r e c t  LM-CSM phasing needed 
t o  s t a r t  t h e  s t anda rd  c o e l l i p t i c  rendezvous sequence. 
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MEMORANDUM FOR FILE 

I.  INTRODUCTION 

I n  order t o  increase  t h e  Lunar Module (LM) landed 
payload c a p a b i l i t y ,  it has been proposed [1]* t h a t  t h e  Command 
and Serv ice  Module (CSM) lunar  parking o r b i t  a l t i t u d e  be  
lowered. Such a decrease  changes t h e  phasing between t h e  LM 
and t h e  CSM a f te r  sepa ra t ion  and hence changes t h e  rendezvous 
requi red  i n  t h e  case of an abor t  during LM descent .  I f  t h e  
LM becomes i n a c t i v e  a f t e r  t h e  a b o r t ,  CSM active rendezvous 
i s  requi red  f o r  rescue.  For a l t i t u d e s  of CSM luna r  parking 
o r b i t  (ALO) l o w e r  than  t h e  p re sen t  va lue  of 60 NM, CSM rescue  
has n o t  been s u f f i c i e n t l y  s tud ied .  

Resul t s  of computer s imula t ions  of CSM rescue  a f t e r  
a b o r t  during LM descent  for  l o w e r  ALO are presented  i n  t h i s  
memorandum.** The q u a n t i t i e s  of i n t e r e s t  from t h e s e  simula- 
t i o n s  are t h e  CSM c h a r a c t e r i s t i c  v e l o c i t y  (AV) r equ i r ed  t o  
perform t h e  rendezvous and the  e lapsed  t i m e  from a b o r t  t o  com- 
p l e t i o n  of c r e w  t r a n s f e r .  ALO w a s  varied pa rame t r i ca l ly ;  t h e  
lowest va lue  used w a s  ALO = 50,000 f t ,  t h e  a l t i t u d e  of powered 
descent  i n i t i a t i o n  ( P D I ) .  A l s o  t h e  number of r evo lu t ions  used 
f o r  t h e  rendezvous was var ied  i n  o rde r  t o  g e t  an  i n d i c a t i o n  of 
t h e  t r a d e  o f f  between AV required and elapsed t i m e  of t h e  
rendezvous. For a b o r t s  a f t e r  PDI t w o  a d d i t i o n a l  parameters 
w e r e  varied: t i m e  of a b o r t  i n i t i a t i o n  and apolune a l t i t u d e  
of t h e  o r b i t  achieved by the LM a f t e r  abor t .  I n  a d d i t i o n ,  
t h e  optimum LM o r b i t  apolune (minimum requ i r ed  CSM AV) w a s  
determined. 

*Brackets,  [ I ,  enclose r e fe rence  numbers. 

**The o p e r a t i o n a l  aspec ts  of CSM active rendezvous a f t e r  
nominal a s c e n t  f o r  lower ALO w i l l  be considered i n  another  
B e l l c o m m  memorandum [ 3 I ;  p r o p e l l a n t  requirements f o r  rendezvous 
a f te r  nominal a scen t  are l e s s  than f o r  rendezvous a f t e r  abort  
dur ing  descent .  
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11. THE ABORT AND RESCUE SEQUENCES 

Two d i f f e r e n t  rescue sequences w e r e  used i n  t h e  
s imula t ions  descr ibed  i n  t h i s  memorandum. One i s  a p p l i c a b l e  
f o r  a b o r t s  occur r ing  when t h e  LM i s  i n  t h e  Hohmann t r a n s f e r  
o r b i t  from descen t  o r b i t  i n i t i a t i o n  ( D O I )  t o  P D I ,  i nc lud ing  
t h e  case where PDI cannot be performed; it is assumed t h a t  
the  LM i s  nonpropulsive a f t e r  t h e  a b o r t  dec i s ion .  The o t h e r  
is f o r  a b o r t s  a f t e r  P D I .  I n  t h i s  case, t h e  r e scue  is  s t a r t e d  
when t h e  LM has  made an a scen t  t o  a predetermined s a f e  o r b i t  
a f t e r  t h e  a b o r t .  The CSM rescue sequence used f o r  a b o r t  dur ing  
Hohmann t r a n s f e r  i s  a 6-burn sequence, whi le  t h e  sequence 
used f o r  a b o r t  during powered descen t  has 5 burns and i s  
r e f e r r e d  t o  as t h e  rescue  2 sequence.* For both  sequences 
t h e  rescue  is  from above and ahead. The l a s t  3 burns of both  
sequences a r e  p a r t  of t h e  c o e l l i p t i c  rendezvous sequence, t h e  
s t anda rd  sequence t h a t  has  been used i n  t h e  Apollo program 
f o r  t h e  f i n a l  phases of rendezvous. Cons t r a in t s  on t h e  r e scue  
sequences and assumptions used i n  t h e i r  s imula t ion  a r e  summa- 
r i z e d  i n  Appendix A. 

The f i r s t  burns of bo$h sequences a r e  used t o  e s t ab -  
l i s h  t h e  CSM-LM phase angle  and d i f f e r e n t i a l  h e i g h t  r equ i r ed  
t o  s t a r t  t h e  c o e l l i p t i c  rendezvous sequence. The f irst  t h r e e  
burns of t h e  CSM 6-burn rescue sequence used a f t e r  a b o r t  from 
Hohmann t r a n s f e r  a r e  shown i n ’ F i q u r e  1. I f  an a b o r t  d e c i s i o n  
is  made a t  any t i m e  dur ing t h e  Hohmann t r a n s f e r ,  t h e  f i r s t  
burn of the rescue seauence i s  made a t  t h e  nominal t i m e  of 
P D I  + 1 0  min. This b&n puts  t h e  CSM i n t o  a t r a n s f e r  o r b i t ,  
and t h e  second burn, a ha l f  r e v o l u t i o n  l a t e r ,  c i r c u l a r i z e s  
t h e  CSM i n  an o r b i t  w i th  a l t i t u d e  such t h a t  phasing w i l l  be 
correct. Af t e r  11 /12  o r  1-11/12 r evo lu t ions  i n  t h i s  phasing 
o r b i t ,  t h e  c o e l l i p t i c  sequence i n i t i a t i o n  ( C S I )  burn i s  per- 
formed on t h e  l i n e  of apsides  of t h e  LM o r b i t  i n  o r d e r  t o  
e s t a b l i s h  t h e  c o r r e c t  d i f f e r e n t i a l  h e i g h t  t o  s t a r t  t h e  coe l -  
l i p t i c  rendezvous sequence. 

The f i rs t  two burns of t h e  CSM rescue  2 rendezvous 
sequence used a f t e r  a b o r t  dur ing  powered descen t  a r e  shown i n  
F igure  2. The f i r s t  CSM burn of t h i s  sequence ( t h e  rescue  2 
b u r n ) ,  which occurs  about h a l f  a r evo lu t ion  a f t e r  LM o r b i t  
i n s e r t i o n  upon cross ing  of t h e  LM l i n e  of aps ides  ( i . e . ,  on 
t h e  back s i d e  of t h e  moon), pu t s  t h e  CSM i n  a t r a n s f e r  
o r b i t  t h a t  t r a n s f e r s  t h e  CSM from t h e  luna r  parking o r b i t  

* I t  der ived  i t s  name from t h e  name of t h e  f i r s t  burn,  
which i s  c a l l e d  t h e  rescue 2 burn because it used t o  be t h e  
second burn i n  t h e  6-burn CSM rescue  sequence previous ly  
used by MSC 1 4 1 .  
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and also e s t a b l i s h e s  t h e  correct d i f f e r e n t i a l  he igh t  t o  s t a r t  
t h e  c o e l l i p t i c  rendezvous sequence. The CSI burn,  t h e  second 
burn, p u t s  t h e  CSM i n t o  an o r b i t  t o  e s t a b l i s h  phasing. 
both sequences t h e  minimum a l t i t u d e  of t h e  phasing o r b i t  allowed 
w a s  5 0 , 0 0 0  f t  i n  order  t o  maintain a p resc r ibed  clear pe r i lune .  

The c o e l l i p t i c  rendezvous sequence as it i s  used 
t o  complete t h e  above sequences i s  shown i n  F igure  3 .  The 
cons t an t  d i f f e r e n t i a l  he ight  (CDH) burn p u t s  t h e  CSM i n t o  an 
o r b i t  t h a t  i s  c o e l l i p t i c  t o t h e  LM o r b i t ;  t h a t  i s ,  t h e  CSM 
o r b i t  has  t h e  same l i n e  of aps ides  as t h e  LM o r b i t  and has 
f i x e d  d i f f e r e n t i a l  he igh t  above t h e  LM o r b i t  a t  p e r i l u n e  and 
apolune. The te rmina l  phase i n i t i a t i o n  ( T P I )  burn changes t h e  
o r b i t  such t h a t  t h e  CSM w i l l  rendezvous w i t h  t h e  LM and c e r t a i n  
c o n s t r a i n t s ,  such a s  l i g h t i n g ,  are m e t .  Terminal phase f i n a l i z a -  
t i o n  (TPF) i s  a series of manual braking burns used t o  reduce 
t h e  r e l a t ive  v e l o c i t y  between t h e  LM and t h e  CSM t o  zero; it 
is  represented  i n  t h e  f igu re  as a s i n g l e  burn.  I n  o rde r  t o  
estimate t h e  du ra t ion  of t h e  r e scue ,  it w a s  assumed t h a t  t h e  

For 

e lapsed  t i m e  from TPI t o  completion of crew t r a n s f e r  i s  1 .5  
h r  [ 4 1 .  

The LM ascen t  a f t e r  abor t ing  from powered descen t  
i s  very s i m i l a r  t o  t h e  nominal  LM ascen t .  
i s  used a t  t h e  f ixed  th ro t t le  p o i n t  wi th  t h e  guidance t h e  same 
as fo r  the nominal ascent .  For a b o r t  a f t e r  about P D I  + 5 min, 
s t a g i n g  i s  r equ i r ed  because of descen t  p r o p e l l a n t  dep le t ion .  
The a s c e n t  engine continues t h e  a s c e n t  t o  o r b i t .  For t h i s  
s tudy o r b i t  i n s e r t i o n ,  a t  6 0 , 0 0 0  f t ,  w a s  made a t  p e r i l u n e ,  
and t h e  apolune w a s  used as a parameter,  t ak ing  on va lues  from 
6 0 , 0 0 0  f t  t o  1 0 0  NM. 

The descen t  engine 

111. CSM &V REQUIREMENTS FOR RESCUE AFTER ABORT DURING 
m N  TRANSFER 

Figure 4 shows t h a t  t h e  CSM AV requirement f o r  an  
8-hour rescue  ( t w o  revolu t ions  i n  phasing o r b i t )  a f te r  a b o r t  
during Hohmann t r a n s f e r  decreases  from about 200  f t / s e c  t o  
about 1 0 0  f t /sec as ALO i s  decreased from 60 NM t o  16.8 NM. 
Since t h e  AV requi red  f o r  a 6-hour rescue  (one r evo lu t ion  i n  
phasing o r b i t )  i s  only about 20 f t / s e c  g r e a t e r  than t h i s ,  t h e  
6-hour rescue  seems p re fe rab le  f o r  ALO down t o  26.8 NM. The 
l o w e r  l i m i t  on t h e  a p p l i c a b i l i t y  of these sequences i s  caused 
by t h e  5 0 , 0 0 0  ftminimum on a l t i t u d e  of t h e  phasing o rb i t .  
Increas ing  t h e  number of revolu t ions  i n  phasing o r b i t  above 
t w o  does n o t  s u b s t a n t i a l l y  decrease  t h e  lower l i m i t  on ALO. 
Except f o r  a b o r t  before  DO1 + 1 0  min when a d i r e c t  rendezvous 
i s  used, t h e  same abor t  sequence i s  used f o r  a l l  a b o r t s  during 
Hohmann t r a n s f e r .  Therefore,  t h e  e lapsed  t i m e  from abort t o  
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completion of c r e w  t r a n s f e r  for a b o r t s  earl ier than PDI can 
be up t o  about 50 min longer than f o r  a b o r t s  a t  P D I .  What 
i s  he re  c a l l e d  an 8-hour rescue has  a d u r a t i o n  of 7 .6  h r  f o r  
a b o r t  a t  PDI and 8.4 h r  f o r  a b o r t  a t  DO1 + 1 0  min; a 6-hour 
rescue  has a du ra t ion  of 5.8 h r  f o r  a b o r t  a t  P D I  and 6 .6  h r  
f o r  a b o r t  a t  DO1 + 1 0  m i n .  

I V .  CSM AV REQUIREMENTS FOR RESCUE AFTER ABORT DURING 
POWERED DESCENT 

Var i a t ion  of CSM AV with  Lunar Parking O r b i t  
A l t i t u d e ,  T ime  of Abort and LM Targe t  O r b i t  
Apolune 

F igures  5 through 9 a r e  contour maps showing t h e  
v a r i a t i o n  i n  t h e  CSM AV requirement wi th  ALO f o r  a l l  t i m e s  
of a b o r t  a f t e r  P D I  + 54 sec and f o r  va r ious  LM t a r g e t  o r b i t  
dimensions ( 6 0 , 0 0 0  f t  c i r c u l a r ,  6 0 , 0 0 0  f t  x 30 NM, 60,000 f t  x 
50 NM, 6 0 , 0 0 0  f t  x 70 NM and 6 0 , 0 0 0  f t  x 1 0 0  NM) f o r  t h e  res- 
cue 2 rendezvous a f t e r  abor t  from powered descent .  The d u r a t i o n  
of t h e  rendezvous from abor t  t o  completion of c r e w  t r a n s f e r  
v a r i e s  from 5.69 t o  6 .00  h r ;  t h i s  t i m e  v a r i a t i o n  i s  mostly 
due t o  v a r i a t i o n  of t a r g e t  o r b i t  apolune, i s  s l i g h t l y  due t o  
v a r i a t i o n  of t i m e  of a b o r t  and i s  nea r ly  independent of ALO. 
For a l l  except  high LM t a r g e t  o r b i t s ,  t h e r e  are some ALO and 
t i m e s  of a b o r t  such t h a t  t h e  rescue  2 rendezvous w i l l  n o t  work 
because t h e  CSM p e r i l u n e  i n  t h e  phasing o r b i t  f a l l s  below 
50,000 f t  (shown by t h e  shaded a r e a s  i n  t h e  f i g u r e s ) .  For 
low LM t a r g e t  o r b i t s ,  CSM rescue i s  p o s s i b l e  only f o r  low ALO 
and l a t e  t i m e s  of a b o r t .  

Considering a f ixed  LM t a r g e t  o r b i t ,  t h e  AV s u r f a c e  
has  a trough i n  t h e  ALO/time-of-abort p lane  with minimums a s  L 

l o w  as 40 f t / s e c  and s i d e s  r i s i n g  t o  above 550 f t / s e c .  F o r  
high LM t a r g e t  o r b i t s ,  t h e  trough minimum c r o s s e s  t h e  p lane  
a t  high ALO and e a r l y  t i m e s  of a b o r t .  A s  t h e  LM t a r g e t  o r b i t  
is  lowered, t h e  trough moves toward low ALO and l a t e  t i m e s  
of abor t .  I n  t h e  f i g u r e s  two dashed l i n e s ,  which denote 
d i s c o n t i n u i t i e s  i n  t h e  d e r i v a t i v e  of t h e  AV s u r f a c e ,  d e f i n e  
t h e  bottom of t h e  trough. The trough has a h o r i z o n t a l  f l a t  
bottom between t h e  i n t e r s e c t i o n  of t h e s e  l i n e s  and t h e  i n t e r -  
s e c t i o n  of t h e  trough w i t h  another  d i s c o n t i n u i t y  i n  t h e  der iva-  
t i v e  a t  ALO = 1 9 . 9  NM. The remainder of t h e  trough on e i t h e r  
end s t i l l  has a f l a t  bottom b u t  it s l o p e s  up. B r i e f l y  t h e  
reason f o r  t h e  e x i s t e n c e  of t h e  trough i n  t h e  AV s u r f a c e  i s  
t h a t  f o r  a c e r t a i n  CSM-LM phase a t  LM o r b i t  i n s e r t i o n  t h e  AV 
requi red  t o  rendezvous i s  a minimum because l i t t l e  o r  no burn 
i s  requi red  t o  g e t  i n t o  the phasing o r b i t .  For CSM-LM phases 
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ahead or behind t h i s ,  a higher o r  lower phasing o r b i t  i s  
r equ i r ed  t o  ob ta in  t h e  c o r r e c t  phasing. Fu r the r  d i s c u s s i o n  
of t h i s  p o i n t ,  inc luding  the reason why t h e r e  a r e  d i scon t in -  
u i t i e s  i n  t h e  d e r i v a t i v e  of t h e  AV s u r f a c e ,  i s  g iven  i n  
Appendix B. 

AV Optimization w i t h  Respect t o  Apolune of 
LM Targe t  O r b i t  

Three ways of determining t h e  b e s t  LM t a r g e t  o r b i t  
apolune w e r e  considered. F i r s t ,  i f  it i s  d e s i r e d  t o  u s e  t h e  
abso lu t e  minimum CSM AV f o r  the  r e scue ,  then f o r  each ALO and 
each t i m e  of a b o r t  a LM t a r g e t  o r b i t  apolune can be found such 
t h a t  t h e  AV i s  minimum. Th i s  r e s u l t s  i n  a LM t a r g e t  o r b i t  
apolune t h a t  v a r i e s  w i t h  time of a b o r t  (on t h e  Apollo 11 mission 
a v a r i a b l e  LM t a r g e t  o r b i t  was used t o  o b t a i n  phasing r a t h e r  
than  t o  m i n i m i z e  AV). Secondly, i f  it i s  d e s i r e d  t o  have a 
s i n g l e  LM t a r g e t  o r b i t  t h a t  w i l l  work f o r  a l l  t i m e s  of a b o r t  
w h i l e  s t i l l  keeping t h e  AV as low a s  p o s s i b l e ,  t hen  for  each 
ALO a LM t a r g e t  o r b i t  apolune can be found such t h a t  t h e  AV 
i s  m i n i m u m .  Because of t h e  trough t h a t  e x i s t s  i n  t h e  AV s u r f a c e  
of F igures  5 through 9 ,  t h e  t a r g e t  o r b i t  apolune i s  chosen 
such that  the AV r equ i r ed  w i l l  be t h e  same for  e a r l y  and la te  
t i m e s  of a b o r t  and less f o r  in te rmedia te  t i m e s .  F i n a l l y , a  com- 
promise between having t h e  absolu te  m i n i m u m  AV and having t h e  
s i m p l i c i t y  of only one LM t a r g e t  o r b i t  i s  t o  have two d i f f e r e n t  
LM t a r g e t  o r b i t s ,  one f o r  e a r l y  and one f o r  l a t e  t i m e s  of a b o r t .  
This  i s  t h e  procedure t h a t  was once planned for  the  Apollo 11 
mission before  a v a r i a b l e  t a r g e t  o r b i t  w a s  int roduced.  For 
each ALO, a t i m e  of a b o r t  d iv id ing  t h e  e a r l y  and l a t e  a b o r t  
reg ions  and two t a r g e t  o r b i t  apolunes a r e  chosen such t h a t  
t h e  AV i s  minimum. I n  determining t h e  t a r g e t  o r b i t  apolune 
f o r  a l l  t h r e e  methods, t h e  optimum value  w a s  found such t h a t  
t w o  c o n s t r a i n t s  w e r e  s a t i s f i e d :  t h e  LM t a r g e t  o r b i t  apolune 
w a s  t o  be above 6 0 , 0 0 0  f t  and t h e  p e r i l u n e  of t h e  CSM phasing 
o r b i t  w a s  t o  be above 50,000 ft .  

The r e s u l t s  of car ry ing  o u t  t h e  above t h r e e  methods 
of op t imiza t ion  a r e  shown i n  F igures  10  through 1 2 .  Two sets 
of contour l i n e s  show t h e  CSM AV r equ i r ed  along w i t h  the neces- 
s a r y  LM t a r g e t  o r b i t  apolune f o r  a l l  ALO and t i m e s  of a b o r t .  
I n  o rde r  t o  summarize and compare t h e  AV requirements f o r  
t h e s e  t h r e e  methods, t h e  maximum requirement cons ider ing  a l l  
t i m e s  of a b o r t  is  p l o t t e d  i n  Figure 13 f o r  each method; t h i s  
maximum occurs a t  t h e  l a t e s t  t i m e  of a b o r t  considered except  
i n  the f i rs t  method f o r  high ALO when t h e  maximum occurs  a t  
t h e  earliest  t i m e  of a b o r t  considered. For f u l l  op t imiza t ion  
w i t h  a v a r i a b l e  t a r g e t  o r b i t ,  t h e  AV requirement decreases  
from 155 ft /sec t o  106 f t / s e c  a s  ALO i s  decreased from 60 NM 
t o  33.5 NM, then inc reases  t o  2 7 8  f t / s e c  as ALO i s  f u r t h e r  
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decreased t o  50,000 f t ;  t h e  reason f o r  t h i s  i nc rease  f o r  low 
ALO i s  t h a t  t h e  optimum t a r g e t  o r b i t  apolune would be below 
60,000 f t ,  so 6 0 , 0 0 0  f t w a s  used. When op t imiza t ion  i s  c a r r i e d  
o u t  f o r  t h e  case  where there is only one t a r g e t  o r b i t  f o r  a l l  
t i m e s  of a b o r t ,  AV requirements are approximately doubled. 
For t h i s  case a s  ALO decreases below 48.3 NM t h e  AV r equ i r e -  
ment i n c r e a s e s  because a lower, more optimum t a r g e t  o r b i t  
apolune would make the  phasing o r b i t  p e r i l u n e  below 50,000 f t  
f o r  some t i m e s  of abor t .  When op t imiza t ion  i s  c a r r i e d  o u t  
w i t h  d i f f e r e n t  t a r g e t  o r b i t  apolunes f o r  e a r l y  and l a t e  t i m e s  
of a b o r t ,  t h e  r e s u l t i n g  AV requirement i s  n o t  more than 30% 
h ighe r  than f u l l  op t imiza t ion  wi th  a v a r i a b l e  t a r g e t  o r b i t .  
I n  f a c t  f o r  ALO below 28.3 NM t h e  maximum AV requirement i s  
t h e  same because t a r g e t  o r b i t  apolune w a s  set a t  6 0 , 0 0 0  f t .  
Between 28.3 NM and 35.9 NM, t h e  50,000 ftminimum on t h e  
phasing o r b i t  p e r i l u n e  i s  the  l i m i t i n g  parameter a s  i n  the 
case  of one t a r g e t  o r b i t  f o r  a l l  t i m e s  of abor t .*  

Var i a t ion  of CSM AV wi th  N u m b e r  of Revolutions 
Used f o r  Rescue 

According t o  [ 4 ] the  a s c e n t  s t a g e  l i f e t i m e  f o r  a 
f u l l y  powered up LM i s  about 7.5 t o  8 h r ;  by powering down t h e  
l i f e t i m e  can be extended t o  about 12 h r .  Therefore ,  it is 
p o s s i b l e  t o  have a rescue w i t h  a d u r a t i o n  longer  than  6 h r  
and t o  reduce t h e  AV required f o r  rescue .  I n  o rde r  t o  g e t  an 
i n d i c a t i o n  of how much t h e  AV requirement would be reduced, 
s imula t ions  w e r e  c a r r i e d  o u t  f o r  2, 3 and 5 r evo lu t ions  i n  
phasing o r b i t  with ALO = 50,000 f t  and a LM t a r g e t  o r b i t  apolune 
of 1 0 0  NM. The top  curve i n  Figure 1 4  f o r  one r evo lu t ion  i n  
phasing o r b i t  (du ra t ion  6 h r )  i s  taken from Figure 9 for  ALO = 
50,000 f t .  The o t h e r  curves show t h a t  by adding one more 
phasing r evo lu t ion  a s i g n i f i c a n t  amount of AV can be saved 
(about  30%), b u t  t h e  savings r e s u l t i n g  from adding more revo- 
l u t i o n s  af ter  t h a t  are n o t  as s i g n i f i c a n t .  The AV saved f o r  
h ighe r  ALO i s  n o t  as g r e a t  as f o r  lower ALO. 

* 
Reference 4 i n d i c a t e s  t h a t  t h e  minimum allowed LM 

t a r g e t  o r b i t  apolune f o r  Apollo 11 was 30 NM. I f  t h i s  con- 
s t r a i n t  w e r e  imposed r a t h e r  than  6 0 , 0 0 0  f t ,  t h e  AV r equ i r e -  
ments f o r  a l l  t h r e e  methods of op t imiza t ion  would be increased .  
For the  case  of one apolune f o r  a l l  t i m e s  of a b o r t  t h e  i n c r e a s e  
would be less than 10% and only f o r  ALO less than 16 .5  NM. 
For the o t h e r  methods of op t imiza t ion  there would be no in -  
crease f o r  ALO down t o  40 o r  50 NM and below t h a t  t h e  i n c r e a s e  
would be up t o  35% f o r  ALO = 50,000 f t .  
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V. SUMMARY AND CONCLUSIONS 

Computer s imula t ions  of CSM rescue af ter  abort 
dur ing  LM descent  have shown t h a t  t h e r e  e x i s t  6-hour rescue  
sequences t h a t  can be used f o r  ALO down t o  26.8 NM. The CSM 
AV requirements f o r  these  rescues are summarized i n  F igures  
4 and 13. 

For LM a b o r t  during t h e  f i r s t  p a r t  of descen t ,  t h e  
Hohmann t r a n s f e r  from DO1 t o  PDI, t h e  AV requirement f o r  
rescue decreases  n e a r l y  l i n e a r l y  from 225 f t / s e c  a t  ALO = 60 NM 
t o  147 f t / s e c  a t  ALO = 2 6 . 8  NM. 
used i n  t h i s  memorandum c a n n o t  be used f o r  ALO below 26.8 NM 
because t h e  minimum a l t i t u d e  of t h e  CSM o r b i t s  dur ing  rescue  
would be  below 50,000 f t .  An 8-hour r e scue  sequence could 
be used f o r  ALO down t o  16.8 NM, and t h e  AV requirements would 
be  about 20 f t / s e c  below t h e  6-hour rescue  va lues .  

The 6-hour r e scue  sequence 

The AV requirement f o r  rescue  a f t e r  a b o r t  dur ing  LM 
powered descent  from P D I  t o  landing depends on how t h e  LM 
t a r g e t  o r b i t  a f t e r  a b o r t  i s  chosen. I f  on ly  one t a r g e t  o r b i t  
i s  used f o r  a l l  t i m e s  of a b o r t ,  t h e  AV requirement decreases  
from 250 f t / s e c  a t  ALO = 60 NM t o  240  f t / s e c  a t  ALO = 48.3 NM, 
then inc reases  t o  325 f t / s e c  a t  ALO = 50,000 f t .  I f  d i f f e r e n t  
LM t a r g e t  o r b i t s  are used f o r  e a r l y  and la te  t i m e s  of a b o r t ,  
t h e  AV requirement decreases  from 1 6 1  f t / s e c  a t  ALO = 60 NM 
t o  136 f t / s e c  a t  ALO = 35.9 NM, remains about  cons t an t  t o  
ALO = 28.3 NM, then  inc reases  t o  278 ft/sec a t  ALO = 50,000 f t .  
I f  a v a r i a b l e  LM t a r g e t  o r b i t  i s  used depending on t h e  t i m e  
of a b o r t ,  then the  AV requirement decreases  from 155 f t / s e c  
a t  ALO = 60 NM t o  1 0 6  f t / s e c  a t  33.5 NM, then increases t o  
278 f t / s e c  a t  ALO = 50,000 f t .  
i s  used i n s t e a d  of a 6-hour sequence, t h e  AV requirements 
can be reduced s l i g h t l y  (about 30% f o r  ALO = 50,000 f t ) .  

I f  an 8-hour rescue sequence 

2013-DGE-srb D. G .  EstbeG 
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APPENDIX A 

CONSTRAINTS AND ASSUMPTIONS 

C o n s t r a i n t s  on t h e  Rendezvous 

Minimum CSM p e r i l u n e  

D i f f e r e n t i a l  h e i g h t  a t  CDH 

P o s i t i o n  of  T P I  

T P I  burn d i r e c t i o n  

LM t r a n s f e r  ang le  from TPI t o  TPF 

I n i t i a l  Condi t ions 

LM s t a t e  vec to r  a t  a b o r t  

LM t a r g e t  o r b i t  i n s e r t i o n  a l t i t u d e  

LM ta rge t  o r b i t  i n s e r t i o n  radial  ra te  

S p a c e c r a f t  Data 

LM weight  a t  LM-CSM s e p a r a t i o n  

LM weight  a t  a b o r t  (unstaged) 

LM ascent s t a g e  weight  ( s taged)  

Descent s t a g e  p r o p e l l a n t  weight 

Descent engine t h r u s t  a t  t h e  f i x e d  
t h r o t t l e  p o i n t  

Ascent  engine t h r u s t  

Descent engine s p e c i f i c  impulse 

Ascent  engine s p e c i f i c  i m p u l s e  

50 ,000  f t  

1 0  NM 

Midpoint of darkness  

Line-of-s ight  

130° 

Taken from [ 2 ]  

6 0 , 0 0 0  f t  

0 f t / s e c  

33,055. lb 

Taken from [ 2 ]  

1 0 , 7 2 9 .  l b  

1 7 , 2 0 7 .  l b  

9712.5 l b  (92.5% of  
d e s i g n  m a x i m u m )  

3627. l b  

302. sec 

303.4 sec 
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Maximum LM p i t c h  r a t e  

A l t i t u d e  necessary so  v e r t i c a l  rise 
i s  not  requi red  

V e r t i c a l  ve loc i ty  necessary so 
v e r t i c a l  rise is  no t  required 

8'/sec 

25,000 f t  

50 f t / s e c  

M i s  ce 1 laneous Assumptions 

For abor t s  during Hohmann t r a n s f e r  t h e  LM becomes non-pro- 
pu l s ive  

For abor t s  during powered descent t h e  LM achieves a pre- 
determined o r b i t  a f t e r  abor t  

Change i n  ALO has neg l ig ib l e  e f f e c t  on t h e  descent  t r a j e c t o r y  

Logic used t o  con t ro l  v e r t i c a l  rise j u s t  a f t e r  a b o r t  from 
powered descent  taken from [21  

LM ascen t  af ter  abor t  simulated w i t h  cons tan t  p i t c h  r a t e s  
i n s t e a d  of ascent  guidance equat ions 

Rendezvous from above and ahead 

Burns previous t o  T P I  are hor izonta l  

Burns a r e  impulsive (s imulat ion of TPF by a s i n g l e  impulsive 
burn i n s t e a d  of using seve ra l  midcourse and braking maneuvers 
causes an underestimation of the a c t u a l  AV used by 1 0  t o  
20 f t /sec [ 4 3 ,  which was no t  taken i n t o  account i n  the re- 
s u l t s  of this memorandum) 

Dispersions a r e  n o t  considered 

Elapsed t i m e  from T P I  t o  completion of c r e w  t r a n s f e r  of 1.5 h r  

Cons t ra in ts  on the C o e l l i p t i c  Rendezvous N o t  Met* 

Eleva t ion  of the LM below hor izonta l  a t  2 8 . 3 '  
T P I  ( i n  this study this angle v a r i e s  
from 28' t o  30° depending on LM t a r g e t  
o r b i t )  

Minimum t i m e  between burns ( i n  t h i s  study 
this t i m e  was as  low as 27 min) 

3 4  min. 

*The burns of the rendezvous could probably be ad- 
j u s t e d  s l i g h t l y  t o  m e e t  these c o n s t r a i n t s .  
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APPENDIX B 

EXPLANATION O F  THE AV SURFACE SHAPE 

I n  o rde r  t o  expla in  t h e  shape of t h e  AV s u r f a c e  
i n  F igure  6 (LM target  o r b i t  apolune = 30 N M ) ,  for example, 
cross s e c t i o n s  wi th  cons t an t  t i m e  of a b o r t  are cons idered .  
I n  F igure  A 1  l i n e a r  approximations of t h e  o r b i t a l  energy as 
a func t ion  of ALO f o r  each o r b i t  i n  t h e  r e scue  2 sequence 
up t o  t h e  c o e l l i p t i c  o r b i t  a r e  sketched i n  order t o  show 
t h e i r  r e l a t i v e  magnitudes. Note t h a t  only t h e  phasing o r b i t  
v a r i e s  w i t h  t h e  t i m e  of abor t .  

T o  change o r b i t s  energy i s  added o r  s u b t r a c t e d  by 
making h o r i z o n t a l  pos igrade  o r  r e t r o g r a d e  burns expending AV, 
which  v a r i e s  smoothly and monotonically w i t h  energy change. 
To t r a n s f e r  from t h e  luna r  parking o r b i t  t o  t h e  c o e l l i p t i c  
o r b i t  several o r b i t  changes are r e q u i r e d  so t h e  t o t a l  energy 
r equ i r ed  f o r  t h e  rendezvous i s  t h e  sum of t h e  magnitudes of 
t h e  energy changes p l u s  t h e  f i x e d  energy fo r  t h e  T P I  and TPF 
burns.  

A d i s c o n t i n u i t y  i n  t h e  d e r i v a t i v e  of a f u n c t i o n  
which i s  t h e  a b s o l u t e  va lue  of a smooth func t ion  occur s  
whenever t h e  va lue  of t h e  smooth f u n c t i o n  passes  through 
zero.  I n  F igure  A 1  w e  see t h a t  t h e  energy t o  change f r o m  
t h e  parking o r b i t  t o  t h e  t r a n s f e r  o r b i t  pas ses  through zero 
when t h e  t w o  o r b i t s  have t h e  same energy ( t h a t  i s ,  they  a r e  
t h e  same o r b i t  and no burn i s  r e q u i r e d ) ,  so there i s  a d i s -  
c o n t i n u i t y  i n  t h e  d e r i v a t i v e  of t h e  AV s u r f a c e  a t  t h a t  ALO. 
Likewise,  there i s  a d i s c o n t i n u i t y  i n  t h e  d e r i v a t i v e  when 
t h e  energy of t h e  t r a n s f e r  o r b i t  equa l s  t h e  energy of t h e  
phasing o r b i t  and when the energy of t h e  phasing o r b i t  i s  
equa l  t o  t h e  energy of the  c o e l l i p t i c  o r b i t .  S ince  t h e  pur- 
pose of t h e  r e s c u e  2 burn is t o  t r a n s f e r  f r o m  t h e  park ing  
o r b i t  t o  t h e  correct d i f f e r e n t i a l  h e i g h t  above t h e  LM o r b i t  
p e r i l u n e ,  i f  ALO = 6 0 , 0 0 0  f t  + 1 0  NM = 1 9 . 9  NM, no r e scue  2 
burn is necessary ;  t h e r e f o r e ,  fo r  a l l  t i m e s  of a b o r t  and 
a l l  LM t a r g e t  o r b i t  apolunes,  t h e r e  w i l l  be a d i s c o n t i n u i t y  
i n  t h e  d e r i v a t i v e  of t h e  AV s u r f a c e  a t  ALO = 1 9 . 9  NM. The 
p o s i t i o n s  of t h e  o t h e r  l i n e s  of d i s c o n t i n u i t y  i n  t h e  de r iva -  
t i v e  of t h e  AV s u r f a c e  shown i n  F igu res  5 through 9 w e r e  
found from graphs s i m i l a r  t o  F igure  A l ,  b u t  w i t h  o r b i t a l  
dimensions p l o t t e d .  
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Consider t h e  s p e c i f i c  case of a b o r t  a t  PDI + 400 sec. 
The p o i n t s  of d i s c o n t i n u i t y  i n  t he  d e r i v a t i v e  a r e  marked A ,  B 
and C denot ing where the parking o r b i t  energy is equal  t o  the 
t r a n s f e r  o r b i t  energy, where the phasing o r b i t  energy i s  equa l  
t o  the  c o e l l i p t i c  o r b i t  energy and where t h e  t r a n s f e r  o r b i t  
energy i s  e q u a l  t o  the  phasing o r b i t  energy,  r e s p e c t i v e l y .  For 
ALO l o w e r  than  p o i n t  A ,  energy must be  inc reased  from t h e  
park ing  o r b i t  energy t o  t h e  t r a n s f e r  o r b i t  energy,  i n c r e a s e d  
t o  t h e  phasing o r b i t  energy and then  decreased  t o  t h e  c o e l l i p t i c  
o r b i t  energy (as shown by the vectors on F igu re  A l ) .  A s  ALO 
i n c r e a s e s  the t o t a l  energy requi red  f o r  t r a n s f e r  decreases 
sha rp ly .  A f t e r  p o i n t  A t h e  decrease  i s  s lower because t h e  
energy must be decreased t o  the  t r a n s f e r  o r b i t  energy before 
be ing  inc reased  t o  the phasing o r b i t  energy. Between p o i n t s  
B and C a minimum energy s i t u a t i o n  e x i s t s  because no energy 
i s  wasted by having t o  t r a n F f e r  up t o  the phasing o r b i t  energy 
then  back down t o  t h e  c o e l l i p t i c  energy. A f t e r  p o i n t  C t o t a l  
energy r equ i r ed  s t a r t s  t o  increase r a p i d l y  because one has t o  
t r a n s f e r  down t o  t h e  phasing o r b i t  energy than  back up t o  the 
c o e l l i p t i c  o r b i t  energy. The reason t h a t  t h e  t o t a l  energy 
r equ i r ed  f o r  rendezvous is  n e a r l y  c o n s t a n t  between p o i n t s  B 
and C can be understood by cons ider ing  the fol lowing.  I f  w e  
wished t o  t r a n s f e r  f r o m  the park ing  o r b i t  t o  a c i r c u l a r  o r b i t  
w i t h  a l t i t u d e  1 9 . 9  NM, w e  would u s e  t h e  same t r a n s f e r  o r b i t  
as cons idered  he re ,  and t h e  energy r equ i r ed  t o  go f r o m  the 
park ing  o r b i t  t o  t h e  t r a n s f e r  o r b i t  would be n e a r l y  the same 
a s  the energy t o  go from t h e  t r a n s f e r  o r b i t  t o  the 19.9 NM 
a l t i t u d e  c i r c u l a r  o r b i t  ( t h a t  i s ,  the magnitudes of vectors 
1 and 2 i n  t h e  f i g u r e  a r e  nea r ly  e q u a l ) .  Therefore ,  the  t o t a l  
energy t o  go f r o m  t h e  parking o r i b t  t o  t h e  c o e l l i p t i c  o r b i t  
f o r  a l l  ALO between p o i n t s  B and C ( t h e  sum of t h e  magnitudes 
of v e c t o r s  2, 3 and 4) i s  nea r ly  t h e  same as the energy d i f f e r e n c e  
between a 19 .9  NM c i r c u l a r  o r b i t  and t h e  c o e l l i p t i c  o r b i t  ( t h e  
sum of t h e  magnitudes of vec to r s  1, 3 and 41 ,  which i s  a c o n s t a n t .  
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